Synthesis of cationic polyacrylamides (CPAMs) by introducing cationic polymer precursors followed by chain extension of acrylamide (AM) homopolymer blocks via RAFT polymerization is a promising approach for engineering high-performance CPAMs. However, the aqueous solution polymerization of AM usually leads to high viscosity, thus limiting the solid content in the polymerization system. Herein a novel approach is introduced that uses a random copolymer of AM and methacryloxyethyltrimethyl ammonium chloride (DMC) as a macro RAFT chain transfer agent (mCTA) and stabilizer for aqueous RAFT dispersion polymerization of AM. The AM/DMC random copolymers synthesized by RAFT solution polymerization, having narrow dispersities (Đ s ) at different molecular weights and cationic degrees (C s ), could serve as the mCTA, which was confirmed by mCTA chain extension in aqueous solution polymerization of AM under different C s , solid contents, AM addition contents, extended PAM block lengths, and mCTA chain lengths. The block CPAMs had a Đ value of less than 1.2. A model was developed using the method of moments with consideration of the diffusion control effect, for further understanding the chain extension kinetics. Predicted polymerization kinetics provided an accurate fit of the experimental data. The AM/DMC random copolymers were further used for aqueous RAFT dispersion polymerization of AM under different polymerization temperatures, C s , and mCTA chain lengths. The resulting products had a milky appearance, and the block copolymers had Đ s of less than 1.3. Higher C s and longer chain lengths on mCTAs were beneficial for stabilizing the polymerization systems and produced smaller particle sizes and less particle aggregation. The products remained stable at room temperature storage for more than a month. The results indicate that aqueous RAFT dispersion polymerization using random copolymers of AM and DMC at moderate cationic degrees as a stabilizer and mCTA is a suitable approach for synthesizing CPAM block precursors at an elevated solid content.
Introduction
Water-soluble cationic polyacrylamides, CPAMs, have been widely used in mining, oil recovery, paper manufacturing, dust control, and sewage treatment. 1 The cations in the CPAMs offer good electrostatic interaction properties with colloidal particles in water, which thus make them strong candidates for use as occulation aids.
1 Most commercial available CPAMs are random copolymers of acrylamide (AM) and cationic monomers, 2 for instance, dimethyl diallyl ammonium chloride, acryloxyethyl trimethyl ammonium chloride, and methacryloxyethyltrimethyl ammonium chloride (DMC). In order to achieve good performance, CPAMs usually have very high molecular weights, 3 which provide polymer chain bridging among colloidal particles to enhance occulation efficiency in addition to the charge density.
1 However, such a linear structure at high molecular weight restrains the number of the cations participating in electrostatic interaction with colloidal particles owing to random distribution of the cationic monomer, leading to inefficient use of cationic functionality, [4] [5] [6] [7] in addition to long dissolution time. Chain structure tuning makes it possible to improve the efficiency of utilizing cationic functionality in the CPAMs. It has been reported that occulation performance can be enhanced via engineering a comb-branched CPAM possessing cationic homopolymer branches. [4] [5] [6] [7] Star structures 8, 9 have also been observed to promote occulation. However, even with such structures, there is still a fraction of cationic monomers not performing. High charge density in polymerization of cationic monomer leads to difficulty in producing polymers of high molecular weight owing to the positive charge rejection. A copolymer of AM with a moderate cationic monomer content is believed to have the similar electrostatic interaction efficiency to that of a cationic homopolymer, which increases the efficiency of cationic monomer utilization. This can be accomplished through an arm-rst strategy [12] [13] [14] [15] [16] by positioning cationic copolymer blocks at branch ends of a hyperbranched AM homopolymer with CPAM precursors followed by chain extension of AM homopolymer block as arm. The resulting CPAMs have high occulation efficiencies. 17, 18 However, such structures are not possible with conventional radical polymerization techniques, but can be produced using the Reversible AdditionFragmentation Chain Transfer (RAFT) Polymerization method.
10,11
A number of researchers have utilized RAFT polymerization in the generation of PAM. McCormick and co-workers 19, 20 investigated an aqueous RAFT polymerization of AM, while Schork et al. 21 successfully synthesized PAM using an inverse mini-emulsion RAFT polymerization. AM could also be rendered to diblock or random hydrophilic/amphiphilic copolymers via RAFT copolymerization, such as block copolymers of AM with ionic liquid monomer 22 or with monoacryloxyethyl phosphate, 23 and random copolymers of AM with acrylonitrile. 24 The RAFT copolymerization could synthesize multiblock copolymers likewise, such as a ABA triblock copolymer of AM and styrene as a supramolecular elastomer, 25 or a triblock of AM, acrylonitrile, and N,N-diethylamino ethyl methacrylate as a stimuli responsive material. 26 In a dispersed system, 27 AM/sodium 2-acrylamido-2-methylpropanesulfonate random copolymer was synthesized via RAFT copolymerization. An imprinted AM copolymer was also synthesized using RAFT precipitation polymerization.
28 Gra, star, or branch copolymers are also possible with RAFT polymerization.
29-39
Shan et al. 40 used a multi-arm star RAFT chain transfer agent (CTA) to synthesize star PAM copolymers. A similar approach was used for preparation of hyperbranched copolymers with AM and acrylonitrile. 41 Wang et al. 14, 15 synthesized hyperbranched PAMs using a semi-batch strategy by controlling crosslinker addition. The PAM-based nanogels were obtained via a RAFT dispersion polymerization.
42
Although AM polymers can be synthesized by aqueous RAFT solution polymerization, high viscosities of polymerization systems at high solid contents limits control of the polymerization, and low solid content sacrices polymerization efficiencies. This low-solid issue can be overcome with aqueous RAFT dispersion polymerization to produce CPAMs. [43] [44] [45] During the dispersion polymerizations, stabilizers including watersoluble polymers, like poly(acryloyloxyethyl trimethylammonium chloride) 44 and poly(ethylene glycol), 45 are used to stabilize the polymerization system. We speculate that the copolymerization of cationic monomer with AM at moderate charge densities should provide similar stabilization as a homopolymer of the cationic monomer. In addition, if a RAFT functionality is introduced into the polymer chain, the copolymer could act as a macro RAFT chain transfer agent (mCTA) in addition to being a stabilizer. The macro RAFT chain transfer agent of cationic monomer with AM is believed to be facile for chain extension of AM, which is difficult to achieve when using the homopolymer of DMA having the terminal RAFT functionality. 46 An approach of using cationic monomer as a stabilizer and macro RAFT chain transfer agent (as well as a component of nal product) for aqueous RAFT dispersion copolymerization is thus developed for synthesizing block CPAMs at elevated solid contents. These block CPAMs are the precursors for further producing star or hyperbranched CPAMs with cationic blocks situated at polymer chain ends.
47-50
Model-based polymer chain productions provide precise control over copolymer composition and chain topology distributions. [51] [52] [53] Much attention has been paid to model developments for RAFT polymerization. Vana and co-workers 54 simulated the polymerization rate and dispersity (Đ) during RAFT polymerization using Monte Carlo simulations, while Tobita 55,56 and Luo et al. 57 modeled the RAFT mini-emulsion polymerization. Kinetic methods based on elementary reactions in RAFT processes are also commonly used for modeling. Barner-Kowollik and co-workers [58] [59] [60] employed the commercial PREDICI soware package to model a RAFT process. Vivaldo Lima et al.
61 also used PREDICI to simulate RAFT dispersion polymerizations. By introducing the method of moments, Zhu et al. 62 modeled RAFT polymerization and studied the inuence of reaction rate constants. Vivaldo Lima et al.
63-66 compared different RAFT polymerization mechanisms and investigated the effect of the fragmentation rate constants. Zhu and coworkers 52,67 developed a semi-batch RAFT polymerization model in both homogeneous and heterogeneous systems for regulating the copolymer microstructure. Wang and co-workers 16, 68 prepared a series of hyperbranched polyacrylamide and poly(-methyl methacrylate) by using semi-batch RAFT polymerization, and developed a comprehensive understanding of the branching mechanisms. 16, 59 In this work, we synthesized random co-polymers of AM and DMC with moderate cationic contents via an aqueous RAFT solution polymerization. The resulting copolymers could serve as both stabilizers and macro RAFT chain transfer agents for aqueous dispersion polymerization of AM in the present of ammonium sulfate. The block CPAMs are the precursors for further preparation of star or hyperbranched CPAMs having terminal cationic blocks. The synergy of CPAM and salt is benecial for road dust suppression. 69 To develop a better understanding of the mCTA chain extension kinetics with AM, an aqueous RAFT solution polymerization of AM with mCTA was also conducted. A mathematic model was developed and used to predict and guide the synthesis of block CPAM precursors under different experimental conditions, including various extended PAM chain lengths, DMC composition and chain length in mCTAs, and AM addition content. Furthermore, the aqueous dispersion RAFT polymerizations of AM using the mCTA as stabilizer under different polymerization temperatures, charge densities (cationic degrees, C s ), and chain lengths of mCTA were investigated. The block CPAMs were synthesized at elevated solid contents using aqueous RAFT dispersion polymerization with random copolymer of cationic monomer and AM at moderate charge density as both stabilizer and macro RAFT chain transfer agent. bottles for an additional 6 h.
Experimental

Synthesis of block CPAMs via aqueous RAFT solution polymerization
The aqueous RAFT solution polymerization of AM was conducted using AM/DMC random copolymers as mCTA. The block CPAMs were produced via chain extension. 
Synthesis of block CPAMs via aqueous RAFT dispersion polymerization
Dispersion polymerizations of AM were carried out using AM/ DMC random copolymers as both stabilizer and mCTA in the present of ammonium sulfate AS. The addition of salt to the water could induce block CPAMs to form a polymer-rich phase and become a dispersion system due to the salting-out phenomenon. Consider DA 170 C 177 -6-50 as an example. A 250 mL ask equipped with a mechanical stirring mixer was charged with 31.14 g M3 
Results & discussion
Aqueous RAFT solution copolymerization of AM and DMC Six AM/DMC random copolymers were synthesized via aqueous RAFT solution polymerization. The experimental conditions and characterization results are summarized in Table 1 . It can be seen that all runs reached overall conversions of >95% and dispersities within 1.2 (see Fig. 1 ). 1 H NMR spectrum of Run M1
is given in Fig. S1 of the ESI. † DMC was more reactive than AM. Number-average molecular weights (M n s) determined by GPC were close to those obtained from NMR measurements. Wellcontrolled AM/DMC random copolymer samples were produced.
Targeting the preparation of random copolymers having same chain length of ([AM] 0 +[DMC] 0 )/[BCPA] 0 ¼ 360 and different cationic degrees, 4 runs having C of 20% (Run M1), 40% (Run M2), 50% (Run M3), and 60% (Run M4) were synthesized. Their GPC traces in Fig. 1A are overlapping. They move to slightly higher molecular weight with the increasing cationic degree, indicating similar chain lengths for these copolymers. The copolymers having same cationic degree of 50% and different chain lengths were also prepared. Run M5 had a M n of 28.8 kg mol À1 , while M n s for Run M3 and M6 were 48.8 and 69.2, respectively. The Đ s for all three samples were within 1.2.
Aqueous RAFT solution polymerization of AM using mCTA
Ten RAFT solution polymerizations of AM using AM/DMC random copolymers as mCTA were carried out. The experimental conditions and characterization results are summarized in Table 2 . Inuence of mCTA cationic degree on kinetics and acquisition of model parameters
Aqueous RAFT solution polymerizations of AM were conducted under mediation of mCTA having different cationic degrees ranging from 19.9 to 61.7%. The conversions, molecular weights and distributions are plotted in Fig. 3 . It can be seen that the mCTAs with approximately the same M n but different cationic degrees had little inuence on kinetics.
The same kinetic parameters can be applied to the RAFT polymerization of AM using mCTAs with different charge densities.
A kinetic model was developed (see Appendix) for the aqueous RAFT solution polymerization of AM under mediation of mCTA. Most of the model parameters can be found from the literature as listed in Table 9 except k a , k f , and k ct , which were estimated from experimental data collected from Run SA 281 C 70 -A 600 -3, SA 206 C 143 -A 600 -3, SA 170 C 177 -A 600 -3, and SA 133 C 214 -A 600 -3. b Overall conversion (X), and AM (x AM ) and DMC conversions (x DMC ). Xs were determined using the brominate titration method, while x DMC s were determined from 1 H NMR spectra, and x AM s were estimated from both Xs and x DMC s for the copolymerizations. c Resulting polymer chain structures are based on the AM and DMC conversions.
d Cationic degree values were calculated from 1 H NMR spectra. e Number-average molecular weights and dispersities were determined by GPC. 
Effect of solid content on kinetics and diffusion-controlled termination correction
The aqueous RAFT solution polymerizations of AM at different solid contents were conducted to investigate the diffusioncontrolled effect on the kinetics as shown in Fig. 4 . Three AM addition contents were used including 1.5 wt% (SA 170 C 177 -A 600 -1.5), 3.0 wt% (SA 170 C 177 -A 600 -3), and 4.5 wt% (SA 170 C 177 -A 600 -4.5), corresponding to overall solid contents of 3.2, 6.4, and 9.6 wt%, respectively. The conversions increased slightly at the same polymerization times when changing the AM addition contents from 1.5 to 3.0 wt%, while the conversions went up substantially with the further increment of the AM addition contents from 3.0 to 4.5 wt%, suggesting diffusion controlled reactions. RAFT polymerization of AM is quite rapid. Even at a low conversions, diffusion control occurs much earlier. This is a result of higher radical concentrations due to lower radical addition rates to CTA and reduced radical termination rates.
75
However, this effect had little inuence on the polymerization control. Run SA 170 C 177 -A 600 -4.5 samples still possessed narrow dispersities with linear increments of molecular weight versus polymerization times, which implies good control should be achievable in polymerization systems at high solid contents, such as aqueous dispersion systems.
To describe the diffusion-controlled effect, semi-empirical eqn (A5)-(A7) were used to quantify the termination constant with the consideration of contribution of number-average chain length ( r N ) and free volume fraction (v f ). [77] [78] [79] When the solid content increases, the free volume fraction v f decreases due to the existence of more polymer chains in the same volume. The Table 9 .
Measured viscosities of CPAM samples at 30 min with solids contents ranging from 1.5 to 4.5 wt% were 5.0 mPa s (X ¼ 25.4%, SA 170 C 177 -A 600 -1.5), 14 propagation radical concentrations resulted in greater AM conversion.
Model-predicted and experimental polymerization kinetics
The effect of the extended PAM block length on aqueous RAFT solution polymerization using M3 as mCTA was predicted using the model and validated with experimental data, as shown in Fig. 5 . 
10
À9 mol L À1 , respectively, indicating that longer CPAM chain lengths produce higher solution viscosity and enhanced the diffusion control, promoting propagation. The inuence of mCTA chain length on aqueous RAFT AM solution polymerization was also examined by model prediction and experiment. Three runs having the same C of 51% but different number-average molecular weights ranging from 28.8 (SA 102 C 104 -A 600 -3), 48.8 (SA 170 C 177 -A 600 -3) to 69.2 kg mol
À1
(SA 244 C 250 -A 600 -3). Both model-predicted and experimental conversions, molecular weights and distributions are plotted in Fig. 6 . Good agreement between the model prediction and experiment further conrm the reliability of the model. The trend for conversions versus polymerization times in three runs is almost overlapping, suggesting the chain length of mCTA had little inuence on the kinetics. The narrow dispersities for the three runs indicate good polymerization control for the mCTAs at different chain lengths.
Aqueous RAFT dispersion polymerization of AM using mCTA
The AM/DMC random copolymers were further used as mCTA and stabilizer for preparing block CPAMs via aqueous RAFT dispersion polymerization of AM. Eight runs were polymerized at a ratio of [AM] and chain lengths were studied as shown in Table 3 .
1 H NMR spectrum of Run DA 170 C 177 -6-45 is given in Fig. S3 of the ESI. † All runs had AM conversions between 57.4-96.5%, molecular weights close to the theoretical values, and dispersities within 1.3 (see GPC traces given in Fig. 7) , suggesting good control of mCTA chain extension. During polymerizations, phase separations occurred, and dispersion systems were formed. The products had a milky appearance as shown in Fig. 8 . The particle sizes of the samples were determined by DLS. Their Zaverage particle size distributions are provided in Fig. 8 Fig. 8E and F. The particles with approximately 100 nm and the particle aggregates having a size of approximately 1 mm can be observed, which is consistent with the DLS results and conrms particle aggregation. The products were stable and could be stored at room temperature for more than one month. Moreover, the solid content in the dispersion system went up to 12.9 wt% (Run DA 170 C 177 -6-50) with an apparent viscosity of 23.4 mPa s, in comparison to the solution system having similar chain structure and length at a solid content of 6.4 wt% (Run SA 170 C 177 -A 600 -3) with an apparent viscosity of 108.5 mPa s. We also synthesized a solution sample having the same solid content (12.9 wt%), chain structure and length as Run DA 170 C 177 -6-50. This sample had a viscosity of 750.2 mPa s, indicating that viscosity can be limited and suggesting that CPAM can be prepared at a high solids content using dispersion polymerization.
The aqueous RAFT dispersion polymerizations of AM using mCTA were carried out at 45 C (DA 170 C 177 -6-45), 50 C (DA 170 C 177 -6-50), and 55 C (DA 170 C 177 -6-55). The higher temperature accelerated polymerizations. The AM conversion went up, from 57.4% at 45 C to 96.5% at 55 C, and Đ rose slightly. However, polymerization temperature had little inu-ence on the particle size distributions of the samples. All three samples had two peaks with one approximately 20-100 nm and another around 1000 nm.
Three mCTAs having the same chain lengths of 348 but different C s of 41.0% (DA 206 C 143 -6-50), 45.5% (DA 189 C 158 -6-50), and 51.0% (DA 170 C 177 -6-50) were used for the dispersion polymerization. In RAFT solution polymerization, the cationic degree did not affect the kinetics, which was also found in RAFT dispersion polymerizations of AM. However, the charge density in mCTA had a signicant effect on phase separation since the positive charge of mCTA made the dispersion stable. When mCTA with lower C was used, the repulsive force between particles decreased. Run DA 206 C 143 -6-50 had Z-average particle size (D Z ) of 1057 nm. With the increase of C on mCTA to 45.5%, the particle sizes of the dispersion phase became smaller with D Z ¼ 723.0 nm. The increment of C on mCTA to 51.0% further modied the particle size distribution with it becoming bimodal with a D Z at 43.8 nm and another, presumably for the aggregates at 656.4 nm.
Also studied was the effect of mCTA chain length for a xed C of 51% on RAFT dispersion polymerizations. The molecular weights of mCTAs ranged from 28 The cationic degrees and chain lengths of mCTAs had little inuence on the chain propagation of AM. When the AM addition content was more than 3.0% and the PAM block was extended from 300 to 1200 units, the polymerization rate increased rapidly due to diffusion control effect. In order to better understand the chain extension kinetics in aqueous solution, a model using the method of moments with the consideration of diffusion control effect was developed. Experimental data were well t with model predictions. The AM/DMC random copolymers were used as stabilizer for aqueous RAFT dispersion polymerization of AM, to produce the block CPAM precursors at an elevated solid content. Stable milky CPAM dispersions were obtained with particle sizes from 10 to 200 nm and aggregates of approximately 1000 nm, which were stable on storing at room temperature for more than 1 month. ) on aqueous dispersion were investigated. High polymerization temperature promoted the polymerization but had little inu-ence on particle size, while the charge density on mCTA had little effect on the reaction rate but had a great impact on phase separation. With the increase of charge density from 41.0 to 51.0% on mCTAs, the particle sizes of the dispersion phase became smaller and formed fewer aggregates. Longer mCTA chains resulted in higher conversions and produced the particles having a smaller particle size and less aggregation. The results indicate that the aqueous RAFT dispersion polymerization using random copolymers of AM and DMC at moderate cationic degrees as stabilize and mCTA is a suitable approach in synthesizing CPAM block precursors at an elevated solid content.
where r N,mCTA and r W,mCTA represent the contribution made by mCTA, respectively. m AM is the molecular weight of AM.
Diffusion-controlled termination model
With the polymerization proceeded, the amount and length of polymeric chains would increase, which lead to increased viscosity. As a result, reactions involved in long chains could become diffusion controlled, which is quite common in a radical polymerization process. 75, 76 Here we adopted a semiempirical equation, [77] [78] [79] only for diffusion-controlled 
